In this study the µ-rubbing technique is used to micro-pattern polyimide alignment layers using a metallic sphere at different loads. Optical and atomic force microscopy shows that the width of the patterns ranges from 12-40 µm and depth ranges from 2-14 nm. Our primary finding is that µ-rubbing induces planar alignment in polyimides. We performed µ-rubbing on pre-rubbed polyimide perpendicular to the rubbing direction. It is found that µ-rubbing erases the alignment properties of the pre-rubbing procedure. Liquid crystal cells were constructed using the pre-rubbed polyimide substrates with µ-rubbed patterns on one side and a homogeneously rubbed polyimide layer on the other side. Therefore the pre-rubbed polyimide layers are crossed and consequently a twisted nematic alignment is observed outside the micro-patterns. Within the micro-patterns, the directions of the pre-rubbing and µ-rubbing are parallel, a planar alignment observed. In another configuration, liquid crystal cells were made with pre-rubbed polyimide substrates having micro-patterns on both sides to give grid pattern with planar and twisted nematic configuration. Studies were extended to determine the pretilt of the micro patterned area.
INTRODUCTION
Flat panel displays are extensively used as a man-machine interface in applications such as cellular telephones, personal organizers, laptops, desktops and television. Recently, several new flat panel display principles were proposed such as organic and polymeric light emitting diodes, electro chromic displays and plasma addressed displays. [1] [2] [3] [4] Nevertheless, flat panel displays based on liquid crystals have preserved a dominant position in the field, which is partly related to their performance with respect to switching voltages, switching kinetics, viewing angle, brightness and battery-life. A variety of different liquid crystal displays currently used in many applications, such as twisted nematic, super twisted nematic displays, π-cell and electrically controlled birefringence (ECB) displays. 5, 6 In most cases, the alignment of the liquid crystals in the non-addressed state is controlled by alignment layers, which consist of rubbed (buffed) polyimides. [7] [8] [9] These rubbed polyimides are often preferred because of their excellent thermal stability, etchresistance, alignment capability and transparency in the visible wavelength region. Recently extensive studies were targeted at creating patterned alignment of liquid crystals. One of the prime driving forces behind this research effort was the possibility of producing micro-structured liquid crystal displays with an improved viewing angle in comparison to their non-structured, homogeneous counterparts. Several methods to produce these patterned alignment layers were proposed based on both organic and inorganic thin films. For instance, self-assembled monolayers of thiols were used as alignment layers for liquid crystals. Typically, patterned vapor deposition of gold and/or micro-contact printing was used to obtain patterned alignment layers. 12, 13 Also, special photopolymers were developed previously with coumarins or cinnamates groups for the patterned alignment of liquid crystals.
14 These polymers are exposed to linearly polarized light and patterns are typically obtained with lithography. More recently, low energy ion beams were also used in combination with amorphous inorganic films such as diamond like carbon to obtain patterned alignment of liquid crystals. 15 However, none of these techniques are currently used for the mass production of LCD's, which is predominantly related to the use of rather exotic materials (gold, photopolymers, amorphous inorganic layers) or to the use of expensive or exotic production methods (vapor deposition, ion beam irradiation) or combinations thereof.
Therefore, a need persists for the development of new alignment methods for liquid crystals which are as compatible as possible with conventional materials and methods. More recently, the micro-patterning of alignment layers has been performed with an extremely sharp stylus, it was demonstrated that micro-patterned alignment layers with a tri-axial planar liquid crystal alignment could be obtained. [16] [17] [18] Unfortunately, the use of direct writing techniques with a sharp stylus imposes severe limitations on the production of alignment layers for large area displays (i.e. the typical width of a single recorded line is less than 100 nm and consequently lengthy recording times are required to produce a single pixel or, more importantly, a large area substrate). Here we report on a novel strategy for patterning polyimide orientation layers by the µ-rubbing process, which is very straightforward and economical.
EXPERIMENT

Materials
Polyimide precursor (planar) for the orientation layer AL1051 was purchased from JSR electronics. Indium tin oxide (ITO) coated glass (25mm x 25mm) was obtained form Merck. The liquid crystal E7, a mixture consisting of 50.6 % 4'-pentylcyanobiphenyl, 25.2 % 4'-heptylcyanobiphenyl, 17.8 % 4'-octyloxycyanobiphenyl, and 6.4 % 4'-pentylcyanoterphenyl was obtained from Merck Ltd., Darmstadt, Germany. ITO coated glass substrate was thoroughly washed with soap solution and demineralised water followed by ethanol wash which is then dried. The polyimide precursor was spin coated (5 sec at 1000 rpm, 40 sec at 5000 rpm) on the ITO side of the glass substrate. It is then preheated to 100 0 C for 10 minutes and imidized at 180 0 C under vacuum for 90 minutes to get a transparent film with a thickness of ~100 nm.
µ-Rubbing of Polyimide
We carried out µ-rubbing using a metallic sphere having a diameter of 1 mm. The sphere is connected to a cantilever, which accurately controls the force (1-100 N) exerted on the polyimide coated substrate by the sphere. The substrate is mounted on a translational stage, which moves with a pre-determined velocity (10 mm/min), the experiments were carried out under room temperature. The µ-rubbing was performed on two different substrates, (a) unrubbed polyimide, (b) rubbed polyimide.
Cell Construction
Liquid crystal cells were constructed with two polyimide coated glass substrates having µ-patterns. They are glued in such a way that the pre-rubbed directions are perpendicular, i.e. twisted nematic configuration. The cell thickness was 18µm. The glass substrates were attached with UV curable glue (Norland UV sealant 91) based on diacrylates. The cells were capillary filled with liquid crystal E7 above their nematic-isotropic transition temperature (70 0 C).
Characterization
Surface morphology of the µ-rubbed pattern were investigated by atomic force microscopy (AFM), Nanoscope Dimension 5000, with a nanoscope III controller (Digital instruments, Santa Barbara, CA) with a scan rate of 1 Hz to 2 Hz. Cell gap measurements were carried out using shimadzu UV-3102 PC UV-VIS-NIR scanning spectrophotometer. Electro-optical measurements were performed on a DMS 703 display measuring system (Autronic-Melchers, Gmbh). A square wave was used to drive the display cells (1 kHz). The alignment of liquid crystals was studied using polarized light microscopy, Zeiss LM, Axioplan. Figure 1a shows the AFM image of the unrubbed µ-rubbed polyimide under a load of 20 gm. From Figure 1a it is clear that during the µ-rubbing process micro grooves are formed along with some debris. The width of the pattern is 27 µm. Figure 1b ,c shows the liquid crystal cell with unrubbed polyimide having µ-rubbed patterns on both sides. The µ-rubbed patterns are crossed. It is obvious from the optical micrograph that µ-rubbing induces planar alignment to the liquid crystal. Twisted nematic areas were observed where µ-rubbing from the bottom and the top substrates intersects. Out side the µ-rubbed area Schlieren textures were observed. In Figure 2 , the line width of the recorded patterns is plotted as a function of the applied load. Experimental data are used originating from line width measurements based on SPM (on bare substrates) and optical microscopy (on cells filled with liquid crystal). It is shown that a relationship exists between the applied load and the line width of the pattern. Moreover this graph illustrates the flexibility that we have in creating different line widths using a metallic sphere of diameter 1 mm. Fig. 2 Variation of line width with applied load, measured with atomic force microscopy and with polarized optical microscopy (E7 filled cell). Figure 3a depicts the AFM image of pre-rubbed and µ-rubbed polyimide with a load of 20 gm, the scanning angle of the AFM tip is at 45 0 . By scanning at an angle we are able to see the micro grooves originated from the pre-rubbing and µ-rubbing process. Liquid crystal cells were constructed with substrates having micro patterns on one side and rubbed polyimide on the other side (Fig. 3b) . Twisted nematic configuration is observed outside the µ-rubbed area, which is originated from the pre-rubbing process and planar alignment in the µ-rubbed area. It is obvious that µ-rubbing erases the alignment of polyimide surface from the pre-rubbing process. In the third set of experiments cells were constructed with pre-rubbed and µ-rubbed patterns on both substrates, which are placed orthogonal to each other (Fig. 4) . In this arrangement we can observe two different twisted nematic areas, one formed from the pre-rubbing process and the other from the µ-rubbing process, were the two patterns intersects. Electro-optical measurements were compared between the twisted nematic area generated from the pre-rubbing and the µ-rubbing process. Figure 5 shows the transmission voltage curve of the two twisted nematic areas. From the graph it is clear that the twisted nematic areas formed by the µ-rubbing and the conventional rubbing process switch nearly at the same voltage with only small noticeable difference. The transition slopes of the two curves presented in Figure 5 (a) were nearly identical; however, the µ-rubbed transmission curve more slowly approaches a zero value at high voltages (i.e. lower contrast ratio). We attribute this to a distribution in the liquid crystal alignment along the preferred azimuthal direction (i.e. µ-rubbed direction). Figure 5b shows the dynamic response times (measured between 10% and 90% transmission) for the TN area generated from the pre-rubbing and µ-rubbing process. It is obvious that there is essentially no difference between the dynamic response times of the µ-rubbed samples as compared to conventional rubbed samples, and the off-state (relaxation) is essentially constant and the on-state scales as the inverse voltage as expected from theory. Pretilt measurements were carried out using the conoscopic technique. For pretilt measurements we fabricated antiparallel cell of 18 µm thickness. From the pretilt measurement it was found that the conventional rubbed polyimide is having a pretilt of 2.6 0 which was in consistent with the polyimide suppliers specifications. Interestingly it was found that in the µ-rubbed area the pretilt is almost zero. This observation of the decrease in pretilt of the µ-rubbed polyimide is consistent with our observation that the Frederick transition is slightly higher in the µ-rubbing case, which is also in agreement with analytical models. 
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CONCLUSIONS
In the above-described experiments it was shown that the µ-rubbing of polyimide substrates with a metallic sphere under well-defined conditions is a versatile method to generate patterned alignment layers. In the case of planar polyimide it seems to suggest that the pre-rubbing step with the velvet cloth is, at least partially, erased by the second rubbing step with the metallic sphere. At the same time the µ-rubbing can reduce the pretilt to zero that is why we are having a slightly high switching voltage for the µ-rubbed area. This particular study was primarily focused on the generation of patterns and their evaluation in terms of alignment characteristics and switching properties.
